Poly(4-vinylpyridine) (P4VP) is a widely studied polymer for applications in catalysis, humidity sensitive and antimicrobial materials due to its pyridine group exhibiting coordinative reactivity with transition metals. In this work, the non-covalent functionalization of single-walled carbon nanotubes (SWCNTs) with P4VP in CO 2 -expanded liquids (CXLs) is reported. It is found that P4VP stabilized SWCNTs show good dispersion in both organic solvent and aqueous solution (pH = 2). The ability to manipulate the dispersion state of CNTs in water with P4VP will likely benefit many biological applications, such as drug delivery and optical sensors. Furthermore, the structure and morphology of P4VP/SWCNTs composite are examined, with the focus on molecular weight of P4VP (MW-P4VP), the pressure of CXLs and the concentration of P4VP. It is amazing that the P4VP 15470 wrapping patterns undergo a notable morphological evolution from dotlike crystals to bottle brush-like, then to compact kebab-like, and then to widely-spaced dotted kebab patterns by facile pressure tuning in the higher polymer concentration series. In other words, the CXLs method enables superior control of the P4VP crystallization patterns on SWCNTs. Meanwhile, the CXL-assisted P4VP crystal growth mechanism on SWCNT is investigated, and the dominating growth mechanism is attributed to 'size dependent soft epitaxy' in P4VP 15470 /SWCNTs composites. We believe these studies would reveal great potential for P4VP in building up functional structures in CXLs that are responsive to environmental stimuli.
Introduction
Polymer/CNT nanocomposites (PCN) belong to the most promising fields for carbon nanotubes (CNTs) [1, 2] . The potential applications of PCNs include conductivity enhancement, electrostatic dissipation and aerospace structural materials, and a variety of polymers have been studied to form nanocomposites with CNTs depending on the targeted properties [3] . Meanwhile, wrapping CNTs with crystalline polymers is regarded as an ideal functionalization method considering the excellent mechanical properties of crystalline polymers as well as the poten-tial specific chain registry of different polymers upon CNTs. This method can retain the structural integrity of CNTs and simultaneously overcome the disability of the non-covalent modification method [4] . Poly(4-vinylpyridine) is chosen because it is a widely studied polymer for applications in catalysis [5] [6] [7] [8] , humidity sensitive [9] and antimicrobial materials [10] due to its pyridine group exhibting coordinative reactivity with transition metals. Being a hydrophobic polymer in apolar solvents and a cation polyelectrolyte in water at low pH [11, 12] , the pHsensitive P4VP can be readily quaternized by alky-logen and then form positively charged polyelectrolytes as sensors and actuators [13, 14] . Thus, the P4VP/CNT nanocomposite is expected to play a vital role in exploring and developing the potential applications of the corresponding PCNs. In this work, the non-covalent attempts to wrapping crystalline P4VP on single-walled carbon nanotubes surface using CO 2 -expanded liquids (CXLs) method is introduced. It should be mentioned that CXLs are the most commonly used class of gas expanded liquids (GXLs) due to the safety and economic advantages of CO 2 . The ability of GXLs to readily pressure tune the mole fraction of the gaseous component, and thereby alter the solvating power, fluidity, and many other properties of these solvents proves advantageous in materials processing [15, 16] , analytical separations [17] and organic reactions [18] [19] [20] presents a great advantage. Polymer processing in CXLs taking advantage of the melting-point lowering and viscosity-lowering effects has been used to adjust particle size and morphology of polymers, and to facilitate foaming, impregnation, and comolding of polymers [21] . Moreover, GXLs/CXLs combine the beneficial properties of compressed gases and of conventional solvents, leading to a new class of tunable solvents that are often the ideal type of solvents for a given application while simultaneously reducing the environmental burden through substantial replacement of organic solvents with environmentally benign CO 2 [21] . The challenging task is to achieve the controlled functionalization of SWCNTs by regulating the P4VP crystallization patterns. Accordingly, the influence of molecular weight of P4VP (MW-P4VP), polymer concentration, and the pressure of CXLs on the morphology change are examined in this work. Meanwhile, the mechanism of CXLs-assisted P4VP crystal growth on SWCNT is investigated. We believe that this work reports a new wrapping approach in CXLs to noncovalent engineering of SWCNTs surfaces, which leads to an enhancement of solubility of SWCNTs and enables superior control of the rela-tive placement of functionalities on the nanotube surface. Moreover, the material processing in CXLs also benefits from the milder operating conditions in contrast with the well-known supercrital antisolvent (SAS) processes [22] .
Experimental section 2.1. Materials
SWCNTs (purity > 90 wt%, outside diameter (OD) 1-2 nm, inside diameter (ID) 0.8-1.6 nm, length 5-30 µm) were from Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences (Chengdu, China). Dimethyl sulphoxide (DMSO) and acetic anhydride (CH 3 CO) 2 O were supplied by the Damao Chemical Reagent Co., Ltd. (Tianjin, China). The monomer 4-vinyl pyridine (4VP) and Benzoyl Peroxide (BPO) were from Alfa Aesar (Beijing, China), and 2,2,6,6,-tetramethylpiperidine-N-oxyl (TEMPO) was supplied by Dengfeng Chemical Reagent Co., Ltd. (Tianjin, China). CO 2 with a purity of 99.95% was provided by Zhengzhou Shuangyang Gas Co. (Zhengzhou, China). 4VP was purified prior to use by fractionated distillation. BPO was purified by reprecipitation of a saturated dried chloroform solution by methanol. TEMPO and (CH 3 CO) 2 O were used as received. P4VP 9615 (M n = 9615 g·mol -1 ) and P4VP 15470 (M n = 15470 g·mol -1 ) used in this work were prepared in our lab. SWCNTs were dried in a vacuum oven at 308.2 K for 24 h before use.
Preparation of P4VP
P4VP 9615 was prepared by a method described by Fischer et al. [23] , and P4VP 15470 prepared according to the literature [24] . In a typical polymerization procedure, a two-necked round-bottom flask was loaded with an appropriate amount of TEMPO, 4VP, BPO, and/or (CH 3 CO) 2 O; degassed by an argon gas purge; and sealed off under vacuum. The temperature of the polymerization and the duration was varied. P4VP formed, end-capped with TEMPO, was precipitated in hexane, and dried under vacuum. The detailed treatment conditions for the preparation of P4VP, the number-average molecular weight (M n ) and polydispersity index (M w /M n ) of P4VP determined by Gel Permeation Chromatography (GPC) are provided in Table 1 .
The functionalization of SWCNTs by P4VP
The experimental apparatus was described in our previous work [22] . Typically, appropriate amount of P4VP were dissolved in DMSO at a suitable temperature. 0.1 mg of SWCNTs was dispersed in DMSO solution, the mixture was then ultrasonicated for 2-4 h at the temperature between 298.2-318.2 K in order to disperse the SWCNTs homogeneously in the solution. The dispersion was then added into P4VP/DMSO solution in a tube. After equilibration, the tube containing the mixture was quickly transferred into a stainless-steel autoclave at the temperature of 338.2 K. CO 2 was then charged into the autoclave to achieve the desired pressure within a short time. After 3 h treatment in CO 2expanded DMSO, the system was slowly depressurized and the sample was collected and labeled. Comparative experiments of P4VP 9615 or P4VP 15470 decorated SWCNTs under the same experimental conditions free of CO 2 were also performed. To understand the polymer concentration dependence on CNTs modification, the reaction system are examined with the mass ratio of P4VP to SWCNTs selected to be 3:1 (i.e., 0.006 wt% P4VP to 0.002 wt% SWCNTs, the low polymer concentration series) and 5:1 (i.e., 0.010 wt% P4VP to 0.002 wt% SWC-NTs, the higher polymer concentration series), respectively.
Characterization methods
The number-average molecular weight (M n ) and polydispersity index (M w /M n ) of P4VP were determined by GPC (Waters 515 HPLC pump, Waters 2414 Refractive index detector; Waters Corporation, Milford, MA, USA), and are tabulated in Table 1 . The morphology of P4VP functionalized SWCNTs was characterized by transmission electron microscopy (TEM). Samples were collected on a TEM grid and conducted using a JEOL JEM-2100 microscope with an accelerating voltage of 200 kV (JEOL Ltd, Tokyo, Japan). Figure 1 shows the organic and aqueous suspensions of SWCNTs stabilized with and without P4VP, here the modified SWCNTs are prepared at the reaction conditions of P4VP 15470 (0.05 wt%) and SWCNTs (0.01 wt%) in CO 2 The superior stability of suspensions stabilized with P4VP is attributed to increased non-covalent interactions between nanotubes and the P4VP. This results in an adsorbed layer of P4VP on the CNTs sidewalls, which brings about steric hindrance, preventing re-aggregation and subsequent precipitation of CNTs. We believe that the conformation of the adsorbed P4VP on CNTs would determine the dispersive behavior of as-prepared composites and their potential applications in many field. And what are the challenging factors in CXLs method to control the conformational transitions of P4VP wrap- ping styles on CNTs? Accordingly, MW-P4VP, the mass ratio of P4VP to SWCNT, and the pressure of CXLs on the morphology change are examined.
Results and discussion 3.1. The enhancement of SWCNTs dispersibility using the CXLs method

Effect of CXLs pressure and P4VP
concentration on the modification of SWCNTs with P4VP 15470 -remarkable pressure dependence of morphological evolution In this section, the pressure and polymer concentration effect on the CNTs modification with P4VP 15470 are examined with the mass ratio of P4VP to SWCNT selected to be 3:1 and 5:1, respectively. First of all, in an effort to investigate the pressure dependence, the reaction system are examined with the mass ratio of P4VP to SWCNTs as 3:1, and the pressures are chosen to be 7.99 MPa (x CO 2 = 0.409), 9.29 MPa (x CO 2 = 0.476), 11.32 MPa (x CO 2 = 0.587) and 12.00 MPa (x CO 2 = 0.626), respectively, along the bubble-point curve at 338.2 K in CO 2 -expanded DMSO [25] . The corresponding structures of P4VP 15470 decorated SWCNTs are shown in the TEM image (Figure 2a-2e ). It is found that multiple P4VP periodic structures are formed with increasing pressure, i.e., the P4VP decoration on SWCNTs undergoes a wrapping pattern transition first from dots (Figure 2a ) to compact kebabs (Figure 2b ), then to less compact kebabs ( Figure 2c ) and next to sparsely dotted kebabs (Figure 2d -2e) as the pressure increases from 7.99 to 9.29, 11.32 and then to 12.00 MPa, respectively. A nanohybrid shish-kebab (NHSK) like structure is observed from Figure 2b -2e: the central shish is SWCNTs, with kebab-like P4VP crystals being regarded as periodically perpendicular to the CNTs axis. Typical NHSK structures have been reported previously [4, 26, 27] . The variation trend for the size and periodicity of the kebabs is indicated in Table 2 : it is found that the periodicity of the kebab increases with increasing pressure whereas the size of the kebab is less pressure dependent. The images from Figure 2a (7.99 MPa) indicate that at relatively low pressure, P4VP starts heterogeneous crystallization on SWCNTs as dot-like crystals. The mechanism is suggested as follows. In CXLs, CO 2 cannot dissolve P4VP but is miscible with DMSO at suitable conditions, so CO 2 is used as the antisolvent for P4VP/DMSO system. The volume of the DMSO-rich phase is expanded owing to the dissolution of CO 2 and the solvent power on P4VP is getting poorer, therefore P4VP molecules precipitate out of the supersaturated solution and start to be adsorbed on the surface of SWCNTs. So at relatively low pressure as 7.99 MPa, P4VP molecules with folded-chains begin to align along SWC-NTs as dots crystal so as to decrease the polymer surface energy, and consequently the CNTs surface is covered with small size of heteronucleus P4VP dots everywhere. The small dots crystal is formed due to the limited supply of P4VP in the vicinity of the CNTs during the crystal growth under lower CO 2 solubility, and they could be regarded as a steady intermediate state, which could further form ordered patterns of nanohybrid structure under higher pressure. Generally, the solvent strength of the CXLs would further decrease due to more CO 2 dissolved in DMSO, and therefore more P4VP can be deposited with increasing pressure. And what is the upcoming pressure dependent polymer crystal growth mechanism? We know that two possible factors could affect the nanohybrid conformation of P4VP crystal growth: the epitaxial growth of P4VP on CNTs and geometric confinement [3] . Here, the size of pristine SWCNTs (OD 1-2 nm) is smaller than that of P4VP 15470 (R g , radius of gyration, about 10 nm [28] ). As a polymer with such a size diffuses to the SWCNT surface and crystallizes, the diameter of the SWCNT plays a critical role in the formation of the crystal. Because of their small diameters, SWCNTs themselves can be considered as rigid macromolecules. Therefore, as P4VP 15470 starts to crystallize onto this surface with further pressure increasing, geometric confinement is the major factor, and thus polymer chains are exclusively parallel to the CNT axis disregarding the CNT chirality. Consequently, the polymer crystal kebabs should be perpendicular to the CNT axis, and then a NHSK-like conformation is formed in P4VP 15470 /SWCNTs composite owing to the dominance of the 'size-dependent soft epitaxy' or geometric confinement factor [3] . Further morphological evolution with CXLspressure from compact kebabs (Figure 2b, 9 .29 MPa) till dotted kebabs (Figure 2d -2e, 12.00 MPa) may be explained as follows. The precipitated P4VP can crystallize in two forms: (1) the homogeneous nucleation of P4VP itself and (2) the heterogeneous nucleation of P4VP on SWCNTs. Although the viscosity and surface tension of the CXLs will decrease with more CO 2 dissolution in DMSO, which favors the adsorption of P4VP on CNTs, the heteronucleus P4VP on CNTs may become less prevailing with increasing pressure whereas the homogeneous P4VP nucleation may consume the excessive increase in P4VP concentration. There may exist an threshold pressure around 10.00 MPa (x CO 2 = 0.514) in our CXLs system, and the number of heterogeneous nucleation is supposed to be predominating over the homogeneous one below the threshold pressure, whereas the homogeneous nucleation is advantageous or preferential above the threshold pressure. The observation of compact kebabs at 9.29 MPa (Figure 1b) conforms to the predominance of heteronucleus P4VP on CNTs at a pressure below the threshold pressure. The consequent less compact kebabs at 11.32 MPa (Figure 1c , periodicity 25-40 nm) and the sparsely distributed dotted kebabs (Figure 2d-2e , periodicity 40-75 nm) at 12.00 MPa can be attributed to the preference of the competitive homogeneous nucleation of P4VP above the threshold pressure. And the higher the pressure above the threshold value, the less the number of heteronucleus P4VP on CNT. In brief, this pressure tuning of competition or preference between homogeneous and heterogeneous nucleation would impede both the size and number increase of the 'hybrid kebabs' with increasing pressure, which supports the observed structural transition in this low polymer concentration series. Therefore, we can conclude that CXLs pressure offers superior control over the period and structure of polymer crystallization patterns on SWCNTs.
In an effort to better understand the polymer concentration dependence, the modifications are performed in a higher polymer concentration series with the mass ratio of P4VP 15470 to SWCNTs as 5:1, and the pressures are chosen to be 7. (Figure 3b ). Herein, if the bottle-brush shaped P4VP 15470 /SWCNTs composites could be imagined as a type of NHSK structure, with the SWCNTs the shish, and the ultrathin P4VP lamellae perpendicular to the CNTs axis, then a NHSK-like structure is again found for the higher polymer concentration series (Figure 3b-3d) . The variation trend of the kebabs is reported in Table 2 as well: it is found that both the size and periodicity of the kebabs increase with increasing pressure for the higher polymer concentration series whereas the kebabs size is less pressure dependent in the low polymer concentration series. The morphological evolution for the higher polymer concentration series is suggested as follows. Similarly, the small dots crystal at 7.79 MPa is due to the sparse supply of P4VP in the vicinity of the CNTs under weaker CO 2 antisolvent effect. Followed by a successive pressure increase within the threshold pressure value, the heterogeneous nucleation is supposed to be predominant owing to the following two reasons: (1) the viscosity and surface tension of the CXLs will decrease with increasing CO 2 solubility in DMSO, which favors the P4VP adsorption on CNTs, and (2) the crystallization theory also supports the heterogeneous nucleation. Therefore, the preferential heterogeneous nucleation would promote the growth of the kebabs with more P4VP accumulated on CNTs surface due to pressure increase, which leads to a lateral size enhancement of kebabs with increasing pressure from 8.3 MPa (brush diameter 25 nm, Figure 3b ) to 8.63 MPa (lateral size 20-40 nm, Figure 3c ). However, if the pressure is above the threshold pressure, the com-petitive consumption of P4VP by homogeneous nucleation will dramatically slow down the heterogeneous lamellae thickening process so that less heteronucleus crystals are thickened, leading to a widely-spaced dotted kebabs conformation in the nanocomposites as shown in Figure 3d (10.53 MPa, periodicity 50-80 nm). A similar phenomenon is also found in the low polymer concentration series in Figure 2d-2e . Moreover, the TEM image reveals some difference between the 2D NHSK reflected in Figure 2c and the 2D NHSK in Figure 3c . The rounded kebabs in Figure 3c are shorter in length and their aspect ratio is smaller as opposite to the kebabs in Figure 2c , which might be due to a much larger P4VP concentration and more heterogeneous numbers on CNTs surface in the higher polymer concentration series during the heterogeneous crystal growth process. In short, there exists notable pressure dependence of morphological evolution in P4VP 15470 /SWCNTs composites at the selective conditions. Moreover, both the P4VP decoration style and the degree on SWCNTs are more sensitive to pressure tuning for the higher P4VP 15470 concentration series.
Effect of molecular weight of P4VP on the modification of SWCNTs
To reveal the MW-P4VP effect on the CNTs modification, P4VP 9615 and P4VP 15470 are selected, respectively. The P4VP (0.006 wt%) and SWCNTs (0.002 wt%) in DMSO were treated at 338.2 K and 9.30 MPa (x CO 2 = 0.476) for 3 h. Contrast experiments are conducted at a higher pressure around 11.30 MPa (x CO 2 = 0.586). The corresponding TEM images are shown in Figure 4 . It is seen that the conformation of P4VP 9615 on SWCNTs are dots crystal with average diameter around 5-10 nm at 9.30 MPa (Figure 4a ), and evenly distributed smaller dots crystal with diameter about 5 nm at 11.30 MPa (Figure 4b) . In contrast, the P4VP 15470 /SWCNTs composites are NHSK-like structure with compact kebabs at 9.29 MPa (Figure 2b) , and less compact kebabs at 11.32 MPa (Figure 2c ). Herein, even if the pressure increase from 9.30 to 11.30 MPa, the conformations of P4VP 9615 on SWCNTs always adopt a dot-like pattern. It might be that the solubility of P4VP 9615 in DMSO is better than that of P4VP 15470 at the same conditions, there is limited amount of P4VP 9615 precipitated out disregarding the increase in CXLs pressure. Therefore, the dot-like crystals of P4VP 9615 are formed on SWCNTs owing to the insufficient supply of P4VP on CNTs surface. However, the size of dots crystal in P4VP 9615 /SWCNTs becomes smaller with increasing pressure. Smaller size of P4VP 9615 crystal at 11.30 MPa means the growth of the heteronucleus P4VP dots is not rapid enough as opposed to that of the nearby homogeneous nucleation of P4VP when pressure is higher than the threshold pressure. Provided that the polymer concentration is the same, the modification results show analogous molecular weight tuning of structural transition from dots in P4VP 9615 /SWCNTs to kebabs in P4VP 15470 /SWCNTs at the selected pressures. And it seems that the CXLs method offers better morphology control over the P4VP 15470 / SWCNTs systems. To summarize, P4VP 9615 forms dot-like crystals on SWCNTs while P4VP 15470 forms kebab-like crystals instead at the same polymer concentration and CXLs pressure, which suggests that the P4VP crystal conformation on CNTs surface could be also regulated by the variation in the molecular weight of P4VP. It is found that only polymers with specific molecular weight (e.g. P4VP 15470 ) can form the NHSK structure on SWCNTs.
TEM image of P4VP 9615 / SWCNTs and P4VP 15470 / SWCNTs composites by conventional method without CO 2
The TEM images of P4VP 9615 and P4VP 15470 decorated SWCNTs under the same experimental conditions free of CO 2 are shown in Figure 5 , respectively. From Figure 5 , the wrapping pattern of P4VP 9615 on SWCNTs (in DMSO without CO 2 ) is found to be a sparsely coating structure, instead, evenly distributed dots crystal of P4VP 15470 is formed on SWCNTs surface. In contrast, the pressure dependent SWCNTs microstruture observed in P4VP 15470 /SWCNTs composites (Figure 2 (Figure 4 ) by CXLs method suggests that nanotube microstructure in composites can be tailored as a function of CXLs pressure. Therefore, it is undoubtedly that the CXLs method offers superior control of the P4VP crystallization patterns on SWCNTs in contrast with the conventional way.
Conclusions
In summary, CXLs method is a facile process for preparing P4VP/SWCNT composites with controlled polymer-crystal morphology. The MW-P4VP as well as the pressure in CXLs are the effective approaches to control the polymer crystallization structures on SWCNTs, and the crystallization behavior of P4VP 15470 is dramatically affected by CXLs pressure. A threshold pressure around 10.00 MPa (x CO 2 = 0.514) is assumed to exist in our CXLs system, and the amount and number of heterogeneous polymer nucleation is supposed to be predominating over the homogeneous one below the threshold pressure, whereas the homogeneous nucleation of polymer is advantageous or preferential above the threshold pressure. The combination of desired pressure of CO 2 and MW-P4VP helps to modify the SWCNTs in a controllable way at suitable polymer concentration and temperature, which could serve as a model process to achieve ideal polymer crystals for structural and morphological study. Moreover, the P4VP crystal formation mechanism is different for SWCNTs and MWCNTs modification. The NHSK conformation of the P4VP 15470 /SWCNTs in this work is attributed to 'size-dependent soft epitaxy growth' mechanism because geometric confinement of the small diameter SWCNTs (OD 1-2 nm) is the predominant factor, which dictates the polymer chain orientation in the kebabs. Instead, 'normal epitaxy growth' mechanism was supposed to play a major role, therefore P4VP helical wrapping crystals were observed on MWCNTs (OD 25-30 nm) using the CXLs method at the same polymer concentration and comparable pressures [22] . In other words, the diameter of the CNTs also plays a critical role in the morphology control of P4VP crystals on CNTs surface. This work offers an environmentally benign polymer wrapping approach in CXLs to noncovalent engineering of SWCNTs surfaces that leads to an enhancement of solubility or dispersibility of CNTs and enables superior control of the relative placement of functionalities on the CNT surface. We believe that the pressure tuning of the unique nanoscale architecture of P4VP/SWCNT composites in CXLs could find a variety of applications ranging from nanoelectronics, sensing to catalyst supports. 
